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Abstract: Few studies have focused on a detailed morphological description of the chondrocranium of bufonids. This study examines
Bufotes variabilis, which is one of the widespread clades of neobatrachian anurans. We used geometric morphometrics to analyze
variations of the chondrocranial shape in B. variabilis and a comparison was made with Rana macrocnemis and Hyla orientalis. Results
indicated that B. variabilis is clearly different from the other species based on the presence of a bigger otic process, a more anterior
position of the muscular process of the palatoquadrate, and a narrower articular process of the palatoquadrate. H. orientalis and R.
macrocnemis are similar to each other by a wider articular process of the palatoquadrate, a more posterior position of the muscular
process of the palatoquadrate, and a smaller and anterolateral position of the otic capsule.
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1. Introduction
The family Bufonidae is the third largest anuran family
with 596 recognized species (http://amphibiaweb.org/).
The species B. variabilis, together with other 16 species, is
classified within the genus Bufotes.
The larval chondrocranium is an important element that
shows many changes among anuran species (Haas, 1995;
Larson and de Sá, 1998). Chondrocranial characters are
used in many phylogenetic studies (Haas, 1996; Maglia et al.,
2001). Despite the importance, most available data related to
geometric morphometrics (GMM) are limited for bufonids
(Larson and Reilly, 2003; Larson, 2004; Haad et al., 2011).
Data on this variation are available especially for the family
Ranidae (Larson, 2002, 2005, 2008). Chondrocranial size
and shape variation has not been reported for B. variabilis.
The aims of the present study are to: 1) identify the
intraspecific shape variation in the chondrocranium of
B. variabilis; 2) compare the size and shape variation for
each species (Bufotes variabilis, Rana macrocnemis, and
Hyla orientalis); and 3) reveal chondrocranial differences
among these three species to provide information for other
bufonids.
2. Materials and methods
B. variabilis mating pairs in amplexus were collected from
a clean temporary pond in the vicinity of Bornova (İzmir,
* Correspondence: yildirim.elif@deu.edu.tr

Turkey) in 2006. A total of 139 lab-reared larvae were
examined. Sample sizes for each species were as follows:
B. variabilis: n = 72; R. macrocnemis: n = 38; and H.
orientalis: n = 29. Tadpoles were staged according to
Gosner (1960) and represented Gosner stages 26–40.
To study GMM, 66 larvae of B. variabilis were analyzed
to determine intraspecific variation whereas 139 larvae
were used for interspecific variation. Later stages were
not included because of morphological changes. The
descriptions of all larvae were based on cleared specimens
and double staining for bone and cartilage following
established protocol (Wassersug, 1976). Chondrocranial
terminology follows Cannatella (1999) and Púgener and
Maglia (1997).
Dorsal views of the chondrocranium of all specimens
(with a 1-mm scale bar) were photographed with a Leica
DFC295 stereoscope equipped with a digital camera.
A total of 10 dorsal landmarks (Table 1) were digitized
with tpsDig V.1.40 (Rohlf, 2004) on the right half of
the chondrocranium of three species (B. variabilis, R.
macrocnemis, and H. orientalis). We selected the landmarks
that represent the corners of the chondrocranial elements.
Geometric morphometric analyses were done with tpsDig
(version 2.16) and MorphoJ (version 1.05d) software.
Canonical variate analysis (CVA) was done to maximize
the differences among species.
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Table 1. Description of landmarks (Larson, 2002).
Landmark

Description

1

Maximum curvature between the confluence of the cornua trabeculae

2

Anteromedial corner of the cornua trabeculae

3

Anterolateral corner of the cornua trabeculae

4

Anterolateral corner of the articular process

5

Anteromedial corner of the articular process

6

Anterior margin of the muscular process

7

Posterior margin of the muscular process

8

Maximum anterior curvature of the otic capsule

9

Maximum posterior curvature of the otic capsule

10

Anterior attachment of the commissura quadratocranialis anterior to the braincase

3. Results
3.1. Description of the chondrocranial morphology
The suprarostral cartilages are composed of two elements:
a central corpus and a lateral ala (Figures 1A–1C). The
central corpora are highly similar in B. variabilis and H.
orientalis (Figures 1A and 1C). In frontal view, the corpora
are U-shaped, but they are narrower than those of R.
macrocnemis (Figure 1). There are two foramens in each
corpus of B. variabilis and R. macrocnemis. The corpora of
all specimens are fused with one another ventrally (Figure
1), but the suprarostral cartilages of R. macrocnemis are
different from those of B. variabilis and H. orientalis. In
R. macrocnemis, there is a narrower gap between corpora
(Figure 1B). Moreover, the connection between the
corpora and alae is completed both ventrally and dorsally
(Figure 1B).
The suprarostral cartilages articulate with the cornua
trabeculae (Figure 2). In B. variabilis, these cartilages
are different from the others (H. orientalis and R.
macrocnemis). The cornua trabeculae in B. variabilis
are long and divergent elements with uniform width
throughout their length (Figure 2A). In contrast, the distal

ends of these cartilages are wider than the proximal ends
in both R. macrocnemis and H. orientalis (Figures 2B
and 2C). The larval otic process is absent in B. variabilis,
whereas it is present in R. macrocnemis and H. orientalis
(Figure 2).
There are several changes in the hyobranchial skeleton
(Figure 3). In B. variabilis, the corpus has a rectangular
shape, whereas its shape is square in H. orientalis (Figures
3A and 3B). The most remarkable difference is the presence
of the anterolateral process in B. variabilis (Figure 3A).
The hyobranchial skeleton is approximately similar in H.
orientalis and R. macrocnemis (Figures 3B and 3C).
3.2. Intraspecific variation
In CVA, two components are responsible for 63.8% of total
shape variance. The first five components explain 90.2% of
the total variance. A plot of CV1 against CV2 shows that
there are two clusters (Figure 4). The first axis separates
initial stages from last stages. Stages 26–33 with a negative
score on CV1 have shorter cornua trabeculae, more posterior
orientation of the articular process, shorter muscular
process and otic capsule, and more medial orientation of the
commissura quadratocranialis anterior (Figure 4).

Figure 1. The suprarostral cartilages in different species. A) B. variabilis, stage 28; B) R. macrocnemis, stage 35; C) H.
orientalis, stage 31. cc, central corpus; la, lateral ala.
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Figure 2. Larval chondrocranium in different species. A) B. variabilis, stage 31; B) R. macrocnemis, stage 29; C) H. orientalis,
stage 34. ct, cornu trabeculae; lop, larval otic process; cqo, commissura quadratoorbitalis; sc, suprarostral cartilage.

Figure 3. Hyobranchial skeleton in different species. A) B. variabilis, stage 45; B) R. macrocnemis, stage 46; C) H. orientalis, stage
44. alp, anterolateral process; c, corpus; h, hyale; plp, posterolateral process; pmp, posteromedial process.

In addition, we used discriminant function analysis
(DFA) to show shape differences of the chondrocranium
between stages 27 and 40 (Figure 5). These differences are
related to the cornua trabeculae, articular process, and
attachment of the commissura quadratocranialis anterior
to the braincase (Figure 5).
3.3. Interspecific variation
CVA shows that there is a difference between B. variabilis
and the other species (R. macrocnemis and H. orientalis).
The first two axes of CVA explained 100% of the shape
variance. B. variabilis and other two species are separated
along CV1 (Figure 6). Figure 6 shows that CV1 separates
B. variabilis from R. macrocnemis and H. orientalis.
Shape differences related to CV1 and CV2 are shown as
deformation in skull shape in Figure 6. B. variabilis, with
negative scores on CV1, has a longer cornu trabeculae,
more anterior orientation of the muscular process and
commissura quadratocranialis anterior attachment, and
longer otic capsules (Figure 6). R. macrocnemis and H.
orientalis, which have positive scores for CV1, have a
shorter cornua trabeculae, more posterior orientation of
the muscular process and commissura quadratocranialis
anterior attachment, and shorter otic capsules (Figure 6).
In DFA, we make a pairwise comparison between
B. variabilis and the other species (H. orientalis and R.
macrocnemis). The cornua trabeculae, articular process,

otic capsules, and attachment of the commissura
quadratocranialis anterior cause differences between
B. variabilis and H. orientalis (Figure 7). Differences
between B. variabilis and R. macrocnemis are related to
the cornua trabeculae, otic capsules, and attachment of the
commissura quadratocranialis anterior (Figure 7).
4. Discussion
Descriptions of the chondrocranial characters of three
anuran species (B. variabilis, R. macrocnemis, and H.
orientalis) provided different findings. These differences
are given in Table 2 and character states for each species
are given in Table 3. These characters largely follow
those described by Larson and de Sá (1998). As a result
of this analysis, there are several differences among the
members of three distinct families (Bufonidae, Ranidae,
and Hylidae). Moreover, Yıldırım and Kaya (2014)
investigated development of the cranial and postcranial
skeletons of H. orientalis. When we compare the findings
of H. orientalis with the remaining species, there are
some differences that are related to their suprarostral
cartilages, chondrocrania, and hyobranchial skeletons.
The chondrocranium of Bufotes variabilis is characterized
by the following characters: 1) uniform distal width of the
cornua trabeculae, 2) absence of the larval otic process,
3) presence of slender and U-shaped central corpora, 4)
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.
Figure 4. Scatter plot of CVA and positive (right) and negative (left) curvature of landmarks on CV1 in Bufotes variabilis.

presence of commissura quadratoethmoidalis, 5) presence
of the anterolateral process in hyobranchial skeleton, 6)
presence of the commissura quadratoorbitalis.
GMM have been widely used in most studies of
several vertebrate groups such as fishes, reptiles, birds, and
mammals (Zelditch and Fink, 1995; Foster et al., 2007;
Hollenshead, 2011) In general, most published GMM
studies are about the cranium of anurans (Larson, 2002,
2005; Garriga and Llorente, 2011; Ponssa and Candioti,
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2012). There are no data of GMM among Bufotes. GMM
are analyzed to examine the relationships among different
species by using the larval chondrocranium. Results
of CVA show intraspecific shape variation among B.
variabilis specimens. Samples from stage 26 to 40 of B.
variabilis are classified on the basis of larval stages. This
indicates that the specimens examined here have distinct
chondrocranial shape variations at early stages (have
shorter cornua trabeculae, more posterior orientation of
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Figure 5. DFA results in B. variabilis.
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Figure 6. Scatter plot of CVA among three species (B. variabilis, R. macrocnemis, and H. orientalis) and positive (right) and
negative (left) curvature of landmarks on CV1.
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Figure 7. DFA results among three anuran species (B. variabilis, R. macrocnemis, and H. orientalis).

Table 2. List of 13 chondrocranial characters in three different species.
a

Ventromedial fusion of central corpus: 0) not fused, 1) fused.

b

Dorsal fusion of central corpus and ala: 0) not fused, 1) fused.

c

Contact between the suprarostral corpora: 0) contact nearly along their length, 1) narrowly separated, 2) widely separated.

d

Chondrocranial width relative to chondrocranial length: 0) 80%–85%, 1) 85%–90%, 2) equal.

e

Length of cornua trabeculae relative to chondrocranial length: 0) 25%, 1) 20%, 2) 10%–15%.

f

Otic capsules: 0) less than 30% of chondrocranial length, 1) 30% of chondrocranial length.

g

Commissura quadratoorbitalis: 0) absent, 1) present.

h

Quadratoethmoidalis process: 0) absent, 1) present.

i

Larval otic process: 0) absent, 1) present.

j

Taenia tecti transversalis: 0) absent, 1) present.

k

Taenia tecti medialis: 0) absent, 1) present.

l

Pseudopterygoid process: 0) absent, 1) present.

m

Anterolateral process of the hyobranchial skeleton: 0) absent, 1) present.
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Table 3. Data matrix of the chondrocranial characters of three anuran species.

Species

Character states
a

b

c

d

e

f

g

h

i

j

k

l

m

Bufotes variabilis

1

1

2

0

1

1

1

1

0

1

1

0

1

Rana macrocnemis

1

1

1

1

0

1

0

1

1

1

1

0

0

Hyla orientalis

1

1

2

1

1

1

0

0

1

1

1

0

0

the articular process, shorter muscular process and otic
capsule, and more medial orientation of commissura
quadratocranialis anterior). These variations were treated
by different authors and caused by biological factors
(Relyea and Werner, 2000; Vences et al., 2002). Results of
CVA indicated that Bufotes variabilis is more recognizable
than others. Bufonid species are different with respect to
cornua trabeculae, otic capsules, muscular process, and
articular process. CVA results also show that bufonid
species are separated by CV1 from R. macrocnemis and
H. orientalis. Based on DFA, Bufotes variabilis also highly

differs from the other species (R. macrocnemis and H.
orientalis).
As a result, a better understanding of the larval
chondrocranium provides detailed data for further
studies and to understand differences of chondrocranial
morphology of anuran species.
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